Medulloblastoma (MB) is the most common malignant brain tumour in children. Despite recent treatment advances, approximately 30% of children with MB will die from their disease ([@bib49]). Those who survive often have a significantly reduced quality of life as result of therapy-related sequelae ([@bib47]). Novel and targeted therapeutic strategies are thus needed to reduce mortality and morbidity. Recently, molecular profiling studies identified four core subgroups of MB tumours with potential targets for specific therapies based on varying gene expression ([@bib33]; [@bib50]). WNT tumours are characterised by activated wingless pathway and carry a favourable prognosis under current treatment regimens. SHH tumours possess active hedgehog signalling and have an intermediate prognosis. Group 3, characterised by high MYC levels, and Group 4 tumours, molecularly less well characterised, are usually associated with poor prognosis ([@bib64]). Despite the great advance in the fight against MB resulting from molecular-based sub-grouping, additional efforts are needed to identify key biological alterations that could be targeted by tailored therapies.

MicroRNAs (miRNAs) are small RNA molecules that have emerged as key regulators during the development of both normal human brain and brain tumours, including MB ([@bib25]; [@bib14]). Upon binding to the 3′ UTR, miRNAs downregulate the target genes expression by blocking the translation and/or by inducing mRNA degradation. Recently, specific miRNA expression signatures helped improving the molecular classification of brain tumours and facilitated the diagnosis and prediction of therapy response and prognosis ([@bib18]). miRNAs are suggested to have a critical role in MB tumour pathogenesis because of their altered expression observed in a large number of MB primary samples ([@bib53]; [@bib67]). A high throughput expression profile of miRNAs expressed either in neuronal tissues or associated with tumour development revealed a tumour-specific pattern of microRNAs expression in human primary MB samples ([@bib19]). In particular, miR-9 was found to be one of the key miRNAs expressed at low levels in MB tumours compared with normal fetal cerebellum.

MiR-9 is a regulator of neuronal progenitor cell fate during neurogenesis ([@bib70]; [@bib60]), which has recently been implicated in cancer ([@bib12]). Although most studies indicate a tumour-suppressor activity for *miR-9* in cancer cells ([@bib35]), conflicting data exist, and the outcome of *miR-9* function appears to be tumour specific ([@bib32]). *miR-9* is downregulated in breast cancer, renal cell carcinoma, and gastric cancer due to promoter methylation ([@bib38]; [@bib24]; [@bib66]). In contrast, *miR-9* has been found to be upregulated in gliomas and in colorectal cancer ([@bib43]; [@bib73]). Recent studies also report that *miR-9* is heterogeneously expressed within a given tissue ([@bib5]). To date, it remains unclear how aberrant *miR-9* expression contributes to MB pathogenesis. Therefore, we investigated the expression of *miR-9* in MB, its functional role, and its association with the clinical outcome of MB patients.

Materials and methods
=====================

Human MB primary samples and cell lines
---------------------------------------

The tumour material used in this study originates from two sets of archival MB samples from patients treated at the University Children\'s Hospital of Zürich, Zürich, Switzerland (*n*=78; 63 formalin-fixed paraffin-embedded+15 fresh frozen). DNA from 64 MB samples (49 formalin-fixed paraffin-embedded+15 fresh frozen) was available for the methylation study. mRNA was available from 14 out of the 63 formalin-fixed paraffin-embedded samples and from 15 additional fresh frozen MB samples. All tissue specimens used in the study were obtained from the Swiss Pediatric Oncology Group (SPOG) Tumour Bank. Written informed consent was obtained from each patient by the hospital that provided the tissue samples. The use of SPOG Tumour Bank tissue samples for cancer research purposes was approved by the Ethical Review Board of Zurich (Ref. No. StV-18/02). Gene expression profile of 88 primary MB tumour samples was performed in Dr. Taylor\'s Lab (The Hospital for Sick Children, Division of Neurosurgery, Toronto, ON, Canada) and used for gene expression and survival analysis. Normal fetal cerebella were used as control for the mRNA expression studies (*n*=5; gestational age: 16--26 weeks). Publicly available microarray data from 285 primary MB samples was used to determine the correlation between the expression of selected genes ([@bib51]). MB expression profiles were generated on Affymetrix Human Gene 1.1 ST Array (Santa Clara, CA, USA). Data are accessible through the open access database R2 for visualisation and analysis of microarray data (<http://r2.amc.nl>).

MB cell lines were cultured as previously published ([@bib68]) and maintained at 37 °C in a humidified atmosphere with 5% CO~2~. DAOY human MB cells were purchased from American Type Culture Collection (Manassas, VA, USA). D341, D425, UW-228-2 and Med-1 human MB cells were the kind gift of Dr Henry Friedman (Duke University, Durham, UK). PFSK cells were the kind gift of Dr Peter Phillips (Children\'s Hospital of Philadelphia, Philadelphia, PA, USA).

MicroRNA and RNA analysis and expression profiling of human primary MBs
-----------------------------------------------------------------------

Total RNA for microRNA analysis was isolated using the mirVana miRNA Isolation Kit (Ambion, Life Technology, NY, USA) according to the manufacturer\'s instructions. First-strand synthesis of mature microRNAs was followed by qRT--PCR using microRNA-specific TaqMan MGB probes for *miR-9* (ID 000583) and, for control RNA, U6 small nuclear 2 (RNU6B) (ID 001093) (Applied Biosystems, Life Technology, Carlsbad, CA, USA). Total RNA for mRNA analysis was extracted using the RNeasy Mini Kit (Qiagen, Basel, Switzerland) following the manufacturer\'s instructions. For the qRT--PCR reaction, the Gene Expression Master Mix was used, and the protocol was optimised for the ABI7900HT reader (Applied Biosystems, Life Technology). Probe-primer solutions specific for the following genes were used: *HES1* (Hs00172878_m1), *p21* (Hs00355782_m1), *MASH1/ASCL1 (*Hs00269932_m1), *NEUROD1* (Hs00159598_m1), *MAP2* (Hs00258900_m1), *NEFH* (Hs00606024_m1), *GFAP* (Hs00909236_m1), *NES* (Hs00707120_s1), and *TUBB3* (Hs00964962_g1). Normal human cerebellum was used as a reference (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France). The relative gene expression was calculated for each gene of interest by using the ΔΔC~T~ method, where cycle threshold (C~T~) values were normalised to the housekeeping genes RNA, U6 small nuclear 2 (*RNU6B*), succinate dehydrogenase complex subunit A (*SDHA*) (Hs00188166_m1), and 18S (Hs99999901_s1) (Applied Biosystems, Life Technology).

Promoter methylation analysis of the *miR-9*genes
-------------------------------------------------

Promoter methylation status of the *miR-9-1*, *-2*, and *-3* genes was analysed by methylation-specific PCR (MSP) in MB cell lines and 64 primary samples of MB tissues. Bisulfite conversion of DNA was carried out using the EZ DNA Methylation Kit (Zymo Research Co., Irvine, CA, USA) following the manufacturer\'s instructions. The primers and the protocol used for MS-PCR have been previously described ([@bib41]; [@bib2]). For each MS-PCR reaction, universal methylated DNA (Chemicon International, Temecula, CA, USA) was included as positive control and normal lymphocyte DNA as negative control. Samples of normal tissue on paraffin sections were used as negative controls. PCR products were run on a 3% agarose gel and were visualised with UV trans-illumination (Bio-Rad, Hercules, CA, USA). Methylated bands were detectable if \>25% of the DNA was methylated. Similarly, methylated bands were not detectable when all DNA was unmethylated and, vice versa, confirming the sensitivity and specificity of the method.

In silico search for *miR-9* target genes
-----------------------------------------

Predictions on miR-9-HES1 interactions were extracted either from databases that predict miRNA target sequences, for example, TargetScan ([@bib40]), Pictar ([@bib34]), DIANA-microT 3.0 algorithm ([@bib44]) and microRNA.org ([@bib3]) or from databases that can predict miRNA binding sites on potential target genes, such as StarBase v2.0 ([@bib72]), microPIR ([@bib54]), and miRWalk ([@bib15]).

Western blotting and immunofluorescence analysis
------------------------------------------------

Western blotting analyses were performed as previously published ([@bib20]). The membranes were incubated with the following first antibodies: HES1 (H-140) (sc-25392, Santa Cruz Biotechnology, Santa Cruz, CA, USA), *β*-tubulin Class III (TUBB3) (2G10) (Ab78078, Abcam, Cambridge, UK), MASH1/Achaete-scute homolog 1 (ab38557, Abcam), and Cip1/WAF-1/p21 (CP74) (P1484, Sigma-Aldrich, Buchs, Switzerland). Protein detection was performed with Supersignal Western Bio Chemo-luminescent Substrate (Pierce, Thermo Fisher Scientific, Rockford, IL, USA). *β*-Actin (AC-74) (A5316, Sigma-Aldrich) was used as a loading control. For immunofluorescence staining, cells were fixed in 4% PFA and blocked in medium containing 10% FCS and 0.5% Triton. Cells were stained over night at 4 °C for NES (196908) (MAB1259, R&D Systems, Minneapolis, MN, USA) and TUBB3 (Ab78078, Abcam). Alexa Fluor 488 or 594 (1/200) (Invitrogen, Life Technology) antibodies were used as secondary antibodies. All stainings were analysed with an Axioskop2 mot plus fluorescence microscope (Zeiss, Jena, Germany).

Cell cycle and apoptosis analysis
---------------------------------

MB cells were harvested, PBS washed, and immediately fixed in 5 ml ice-cold 70% ethanol. Before flow cytometry analysis, cells were resuspended in 300 *μ*l propidium iodide solution, 2 *μ*l of RNase (100 mg ml^−1^) was added, and the cells were incubated at 37 °C for 45 min. Flow cytometry analysis was performed on a BD FACS Canto II instrument (BD Biosciences, Franklin Lakes, NJ, USA) following the manufacturer\'s recommended protocol. Data were collected with DIVA software (BD Biosciences) and analysed with FlowJo software (TreeStar Inc., Ashland, OR, USA) using appropriate controls and gates.

Activation of caspases 3 and 7 was detected using the Caspase-Glo 3/7 Assay (Promega Corporation, Madison, WI, USA). Annexin V--APC staining (550475, BD Biosciences) was measured by flow cytometry. Apoptosis induction was confirmed by quantifying hystone-associated DNA fragments by Cell Death Detection ELISA^PLUS^ assay (Roche Diagnostics, Rotkreuz, Switzerland).

Cell transfection and 5-Aza-2′-deoxycytidine (5-Aza) treatment
--------------------------------------------------------------

Cells were seeded in six-well plates at a cell density of 4 × 10^4^ (DAOY, PFSK) and 2 × 10^5^ (D341, D425), respectively. Transfection of pre-*miR-9* (PM10022, Ambion) or negative control oligonucleotide referred to as scrambled (AM17110, Ambion) in a final concentration of 30 nmol l^−1^ was performed using siPORT NeoFX transfection reagent (Ambion) according to the manufacturer\'s recommendations. Transfection efficiency was assessed with a FAM-labeled pre-*miR-9* negative control (AM17121, Ambion) 24 h post transfection. FAM-positive cells were counted under a fluorescence microscope and expressed as a percentage of total cells. Six random fields were counted for each sample. DAOY and PFSK cells (70--80% confluent) were transfected using *HES1* siRNA (ID 6922, Ambion, Silencer select pre-designed siRNA) at 20 n[M]{.smallcaps} final concentration. As control, Silencer Negative Control siRNA no. 1 (AM4611, Ambion) was used under the same conditions. Cells were harvested 48 and 72 h after transfection for subsequent quantitative qRT--PCR and western blotting analysis. Cells were plated in six-well plates and treated with 0.1 m[M]{.smallcaps} 5-Aza (A3656; Sigma-Aldrich) or control (DMSO) for 24--48 h before further analysis.

Construction of 3′UTR reporter plasmids and luciferase assays
-------------------------------------------------------------

A 459-bp fragment of the 3′UTR of *HES1* containing the putative *miR-9* binding site wasPCR-amplified from PFSK cell\'s genomic DNA (FW: 5′-AAAACTCGAGAACGCAGTGTCACCTTCC-3′, RE: 5′-AAAACTCGAGCAGTTCGAAGACATAAAAGCC-3′). The 459-base pair segment was designed to contain XhoI and NotI sites and was cloned into the psiCHECK-2 vector (Promega Corporation), between the XhoI and NotI site, immediately 3′ downstream of the renilla luciferase gene. All constructs were verified by DNA sequencing. Ten nanograms of psiCHECK-2 construct was co-transfected with 10 n[M]{.smallcaps} *miR-9* duplex or scrambled duplex into HEK-293T cells in a 96-well plate using lipofectamin-2000 (Invitrogen). After 48 h, the cell extract was obtained; firefly and renilla luciferase activities were measured with the Dual-Luciferase reporter system (Promega Corporation) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

All experiments were performed at least in triplicates. Data are represented as mean±s.d. For *in vitro* experiments Student\'s t-test was used. *P*-values of \<0.05 were considered significant. Pearson\'s correlation test was used for gene correlation in patient\'s samples.

Results
=======

Tumour-specific CpG island hypermethylation downregulates the expression of *miR-9* in MB cells
-----------------------------------------------------------------------------------------------

To gain insight into the expression of *miR-9* in MB, we analysed a cohort of MB primary samples (*n*=29) and six MB-derived cell lines. Compared with normal human fetal cerebellum, a decreased expression level of *miR-9* was observed in the majority of MB tumour tissues ([Figure 1A](#fig1){ref-type="fig"}, and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}) and in all the six MB cell lines tested ([Figure 1B](#fig1){ref-type="fig"}, upper panel). To confirm that *miR-9* downregulation is a common feature in MB, we validated our findings in an independent, non-overlapping cohort of primary MBs (*n*=88) with molecular subgroup information. *miR-9* expression was found to be lower in a large subset of MB tumour samples (91%, 80/88) than in normal fetal cerebellum, regardless of their genetic backgrounds ([Figure 1C](#fig1){ref-type="fig"}). Across the four MB molecular subtypes, *miR-9* downregulation was most pronounced in WNT and Group 3 subgroups, which are characterised by high expression of the *MYC* proto-oncogene ([Figure 1C](#fig1){ref-type="fig"} and [Supplementary Figures S1B and C](#sup1){ref-type="supplementary-material"}). In contrast, Group 4 tumours, which are characterised by the expression of high levels of genes involved in neuronal differentiation, displayed higher miR-9 levels than other subgroups that are comparable to normal cerebellar samples.

Tumour-suppressor genes can be inactivated in various ways, including CpG promoter hypermethylation ([@bib17]). Our preliminary investigation revealed no deletions in *miR-9* genes in MB cells ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}). To determine whether hypermethylation caused reduced *miR-9* expression in MB cells, we examined methylation of the promoter regions of hsa-*miR-9* by MSP. Hsa-*miR-9* is represented by three genomic loci hsa-*miR-9-1* (1q22), hsa-*miR-9-2* (5q14.3), and hsa-*miR-9-3* (15q26.1) ([@bib2]). All three loci could independently contribute to the expression of *miR-9*. In contrast to the normal cerebellum, the three miR-9 loci were independently methylated in the subset of primary samples with low miR-9 expression and in all the tested MB cell lines ([Figure 1A and B](#fig1){ref-type="fig"}, lower panels).

To establish the causal relationship between methylation and the low *miR-9* expression level, we treated MB cells with the demethylating agent 5-Aza. After treatment with 5-Aza, *miR-9* expression markedly increased in all MB cell lines except in D341 cells, where only a small increase was observed ([Figure 1D](#fig1){ref-type="fig"}), confirming the role of promoter methylation in *miR-9* silencing. To determine the role of epigenetic regulation of hsa-*miR-9* in a clinically more relevant model, the promoter methylation status of the three has-*miR-9* genes was analysed in a panel of 64 MB samples using MSP analysis. In 78% (50/64) of MB patients, at least one of the three *miR-9* loci showed promoter methylation ([Figure 1A](#fig1){ref-type="fig"}, lower panel, and 1E). In particular, the promoter regions of *miR-9-1* were methylated in 64% (41/64) and *miR-9-2* was methylated in 73% (47/64), whereas *miR-9-3* promoter was methylated in 34% (23/64) of MB cases. These results indicate that the reduced expression of *miR-9* found in MB tissue samples and cell lines is likely caused by aberrant methylation of one, or more, of the three pre-*miR-9* paralogous loci.

MYC is involved in the regulation of miR-9 levels in MB
-------------------------------------------------------

Given the prominent role of aberrant MYC in MB pathogenesis ([@bib51]) and its capability to directly bind to the promoter region of *miR-9* ([@bib42]), we investigated whether MYC is involved in the regulation of miR-9 expression in MB cells. The analysis of gene expression profiles of 285 MBs revealed a statistically significant negative correlation between *miR-9* level and *MYC* expression in primary tumour samples ([Figure 2A](#fig2){ref-type="fig"}). A similar inverse correlation was observed when the expression levels of *MYC* and *miR-9* were analysed in a representative panel of MB cell lines. The levels of *miR-9* were higher in cell lines bearing low level of *MYC* (DAOY and PFSK), whereas high-*MYC* cells (D341 and D425) showed a relatively low expression of *miR-9* ([Figure 2B](#fig2){ref-type="fig"}). To verify this finding, we examined the level of miR-9 in MB cells ectopically overexpressing MYC (DAOY-MYC) and compared it with empty-vector-transfected cells (low MYC-DAOY cells) ([@bib63]). MYC overexpression resulted in a 30% decrease in *miR-9* expression ([Figure 2C](#fig2){ref-type="fig"}), suggesting the involvement of MYC in the regulation of miR-9 expression in MB cells.

MYC-mediated repression of several miRNAs has been reported ([@bib8]; [@bib7]), although the underlying mechanisms are not fully clarified ([@bib21]). To confirm the capability of MYC to mediate a downregulation of *miR-9* in MB and to shed light on the mechanisms behind it, we investigated whether DNA methylation was required for MYC-mediated *miR-9* repression. Indeed, MYC-induced *miR-9* repression was counteracted by 5-Aza treatment, suggesting that the oncogene MYC is involved in the reduction of *miR-9* level likely by regulating the DNA methylation status of *miR-9* promoter.

*miR-9* regulates the expression of human HES1 gene in MB
---------------------------------------------------------

To identify putative targets for *miR-9* with potential implications in MB tumour biology, we conducted an *in silico* search using several independent databases. Among potential *miR-9* targets, based on target site conservation in humans, distinct programs identified *HES1* (hairy and enhancer of split 1) gene as a potential target for *miR-9* ([Figure 3A](#fig3){ref-type="fig"} and [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). As HES1 has a central role in normal brain development and in MB pathogenesis ([@bib23]; [@bib10]; [@bib11]; [@bib26]), we decided to focus our further investigation on *miR-9*-mediated regulation of HES1.

To gain insight into the *miR-9*/HES1 interaction in MB, we compared the expression of *HES1* and *miR-9* transcripts in MB primary samples. A pilot analysis of 15 MBs revealed a slight inverse correlation between the expression of *HES1* and *miR-9* levels ([Figure 3B](#fig3){ref-type="fig"}). To further corroborate these findings, we analysed the relationship between *HES1* and *miR-9* transcripts in two independent sets of 285 and 88 primary MB tumours ([@bib51]). The analysis confirmed that *miR-9* and *HES1* expression levels are inversely correlated in both data sets ([Figure 3C and D](#fig3){ref-type="fig"}; [Supplementary Figure S2B and C](#sup1){ref-type="supplementary-material"}). The analysis of MB sugroups revealed a negative correlation between *miR-9* and *HES1* across SHH, Group 3, and Group 4 MBs in both sets of MB patient samples ([Figure 3E](#fig3){ref-type="fig"} and [Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). In contrast to the other subgroups, WNT tumours demonstrated a positive correlation between *miR-9* and *HES1* expression. Although the number of WNT samples in the analysed cohort is not large enough to validate this observation, the unexpected results obtained analyzing WNT cases might reflect a distinctive microRNA signature existing within the WNT subgroup ([@bib22]).

To functionally validate *miR-9* regulation of HES1 expression, we designed a luciferase reporter fused to either the wild-type *HES1* 3′UTR sequence or to a sequence that carries a mutation in the *miR-9* seed-complementary region. The expression of the wild-type luciferase reporter in 293T cells was significantly repressed by *miR-9* precursor mimics (pre-*miR-9*) compared with scrambled precursors, whereas the expression of the mutated luciferase reporter was not significantly affected, confirming the direct repression of HES1 by *miR-9* ([Figure 3F](#fig3){ref-type="fig"}). We then examined the effect of *miR-9* overexpression on HES1 protein level in MB cell lines. Ectopic restoration of low endogenous *miR-9* expression ([Figure 3G](#fig3){ref-type="fig"}) effectively triggered a 30% decrease of HES1 protein level ([Figure 3H](#fig3){ref-type="fig"} and [Supplementary Figure S2E](#sup1){ref-type="supplementary-material"}). This result was confirmed in two additional MB cell lines ([Supplementary Figure S2E](#sup1){ref-type="supplementary-material"}). Overall, these findings show that *miR-9* regulates HES1 expression and suggest *HES1* as functional target of *miR-9* in MB cells.

*miR-9* restoration in MB cells induces cell cycle arrest and impairs clonal growth
-----------------------------------------------------------------------------------

HES1 controls tumour cell growth through the transcriptional repression of cell cycle inhibitors, such as p21 (waf1/Cip1), which is central to cell cycle regulation and is altered in the vast majority of human cancers, including MB ([Figure 4A](#fig4){ref-type="fig"}; [@bib28]; [@bib48]; [@bib46]). We hypothesised that by repressing HES1 *miR-9* restoration could restrict the oncogenic induction of cell cycle progression in MB cells by promoting upregulation of p21. To test this possibility, we measured cell cycle distribution, changes in p21 expression, and the capability of MB cells to grow clonally following the restoration of *miR-9*. MB cells transfected with pre-*miR-9* showed consistent changes in cell cycle distribution compared with control-transfected cells. We observed a decrease in the number of cells in S-phase and an increase of cells in G1 phase, indicative of cell cycle arrest. Analogously siRNA-mediated silencing of *HES1* decreased the number of cells in S-phase, thereby phenocopying the effects of *miR-9* overexpression ([Figure 4B and C](#fig4){ref-type="fig"}). The restoration of *miR-9* resulted in an increase of p21, both at mRNA and protein levels, when compared with control-transfected MB cells ([Figure 4D](#fig4){ref-type="fig"}). Transfection of two additional MB cell lines with pre-*miR-9* confirmed this result ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Although re-establishment of *miR-9* did not affect cell viability, cell senescence (data not shown), or cell death ([Supplementary Figure S3B and C](#sup1){ref-type="supplementary-material"}), it decreased the cell capability to form colonies ([Figure 4E](#fig4){ref-type="fig"}), and it reduced the size and number of neuronal spheres ([Figure 4F](#fig4){ref-type="fig"}). Taken together, these results highlight the potential benefit of *miR-9* restoration against MB cell growth.

Re-establishment of *miR-9* in MB cells promotes neural differentiation
-----------------------------------------------------------------------

The induction of endogenous HES1 inhibits neuronal differentiation ([@bib30]; [@bib52]), while HES1 knockout or mutation lead to neuronal differentiation *in vivo* ([Figure 5A](#fig5){ref-type="fig"}) ([@bib27]; [@bib65]). Given the important regulatory function of HES1 in neuronal differentiation ([@bib28]; [@bib57]), we hypothesised that miR-9-mediated repression of HES1 could trigger the differentiation of MB cells. To test this possibility, we evaluated the effect of miR-9 restoration on MB cell differentiation. mRNA expression level of a panel of canonical neural differentiation markers were analysed by qRT--PCR: neurogenic differentiation 1 (NEUROD1) ([@bib36]), neurofilament H (NEFH) ([@bib37]), neuron-specific microtubule-associated protein (MAP2) ([@bib13]), nestin (NES) ([@bib71]), *β*-tubulin 3 class III (TUBB3) ([@bib31]), and glial fibrillary acidic protein (GFAP) ([@bib16]). Transfection of MB cells with pre-miR-9 resulted in the upregulation of the mRNA expression of a subset of neural differentiation marker in MB cells compared with controls ([Figure 5B](#fig5){ref-type="fig"}). Among pre-miR-9-treated DAOY cells, some contacted with each other through their branching protrusions, suggesting a primary stage of differentiation ([Figure 5C](#fig5){ref-type="fig"}, upper panel), while control-treated cells retained flat morphology. Immunoflorescence analysis confirmed at the protein level that upon miR-9 re-expression both cell lines exhibited upregulation of TUBB3 and Nestin ([Figure 5C](#fig5){ref-type="fig"} and [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}) ([@bib4]). To determine the contribution of HES1 repression to *miR-9*-mediated effects on neuronal differentiation, we examined the effects of HES1 silencing on mRNA expression of neuronal differentiation markers. As observed in MB cells treated with pre-*miR-9*, siRNA-mediated knockdown of HES1 resulted in an upregulation of a subset of neuronal differentiation genes ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Similarly to the effects caused by the restoration of *miR-9*, the expression of *NeuroD1*, *Nestin*, and *GFAP* genes were upregulated by HES1 silencing. Thus, *miR-9*-mediated regulation of HES1 appears to be an essential aspect of *miR-9* function on MB cell differentiation.

To validate our results in a clinically relevant model, microarray-based expression profiling data obtained from a set of 285 MB tumours ([@bib51]) were analysed searching for correlations between mRNA levels of *miR-9*, *HES1*, and previously selected neuronal differentiation markers. A trend to positively correlate was found between mRNA expression of *MAP2*, *TUBB3* and *NEUROD1* and *miR-9-2* ([Figure 5D](#fig5){ref-type="fig"}, upper panels), parallel to an inverse correlation with *HES1* mRNA expression ([Figure 5D](#fig5){ref-type="fig"}, lower panels). The analysis of the expression of *miR-9-1* and *miR-9-3* in the same MB samples also showed similar results, although less statistically significant ([Supplementary Figure S4C and D](#sup1){ref-type="supplementary-material"}).

HES1 regulatory function on cell differentiation status was previously shown to be mediated by the pro-neural differentiation gene *MASH1* ([@bib29]). Therefore, we determined whether *miR-9* restoration affected the expression of MASH1. Indeed, besides the downregulation of HES1, we observed a moderate but measurable upregulation of MASH1 protein level when compared with control-transfected cells ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). These results suggest that *miR-9* has a critical role in MB cells by decreasing MB cell differentiation and highlight the potential use of *miR-9* restoration for reactivating the differentiation programme in cancer cells.

*miR-9* and *HES1* expression associates with clinicopathological characteristics of paediatric MB
--------------------------------------------------------------------------------------------------

Finally, we investigated the association of *miR-9* and *HES1* expression with clinicopathological characteristics of paediatric MB. Three main histological subtypes of MB are included in the current WHO classification ([@bib58]) among which large-cell anaplastic (LC/A) MBs represents a distinct and more aggressive variant compared with classic and desmoplastic subtypes ([@bib39]; [@bib69]). To determine the relation of *miR-9* expression with MB histopathological subtypes, we analysed a set of MB primary samples with available information about histological features. Strikingly, LC/A MB samples possess lower *miR-9-2* expression compared with the other variants. In particular, a statistically significant differential expression was observed on comparing LC/A MBs with tumours of classic subtype ([Figure 6A](#fig6){ref-type="fig"}). Analysis of *miR-9-1* and *miR-9-3* expression pattern in the same MB samples showed a similar trend to inversely correlate with anaplastic MB subtypes ([Supplementary Figure S5A and B](#sup1){ref-type="supplementary-material"}), corroborating the hypothesis that MB tissues with decreased expression of *miR-9* tend to have a more severe pathological grade. Notably, LC/A MBs also showed a slightly higher *HES1* expression ([Figure 6B](#fig6){ref-type="fig"}). Furthermore, to determine the potential impact of *miR-9* on clinical outcome, *miR-9* expression level was correlated with survival. Patient survival information was available for 34 MB samples. The lower overall survival probability of patients with low *miR-9-2* expression revealed by Kaplan--Meier analysis suggests a strong trend towards prognostic significance ([Figure 6C](#fig6){ref-type="fig"}). Although it did not reach statistical significance, the analyses of *miR-9-1* and *miR-9-3* expression pattern in the same MB samples showed a similar inverse correlation between *miR-9* expression and patient\'s survival ([Supplementary Figure S5C and D](#sup1){ref-type="supplementary-material"}). Additionally, in line with previous reports ([@bib9]), high *HES1* expression correlated significantly with lower overall survival in a distinct cohort of 129 MB samples ([Figure 6D](#fig6){ref-type="fig"}). We also investigated the relation between *miR-9* expression and metastatic stage, age, and gender in the same cohort of MB samples but found no significant correlation (data not shown). Together, these data indicate that low expression of *miR-9* (in particular *miR-9-2*) and the consequently increased expression of HES1 could be associated with worse MB clinical outcome. Hence, *miR-9* might be considered as a candidate marker predicting unfavourable prognosis for patients with paediatric MB that deserves further validation studies.

Discussion
==========

The current study provides evidence that in paediatric MB *miR-9* is significantly downregulated when compared with normal fetal cerebellum and that *miR-9* has a tumour-suppressor role in MB tumours. We evaluated the prognostic significance of these findings, because neither the functional role nor the diagnostic implications of *miR-9* in MB have been previously defined. Our investigation revealed that the reduced expression of *miR-9* in MB cells is largely due to tumour-specific CpG promoter hypermethylation, a finding previously confirmed in other cancer types ([@bib38]; [@bib41]; [@bib2]). Epigenetic deregulation of miRNA genes highlights a potential mechanism implicated in the development of various malignancies. Considering the high frequency of methylation in *miR-9* promoter in paediatric MB we revealed in this study, the degree of promoter methylation of the *miR-9* genes could be considered as a possible useful tumour marker. Furthermore, the use of DNA-demethylating agents could have significant consequences for cancer patients, opening the possibility for new therapeutic strategies for selected patients with MB.

In MB, as in several human cancers, deregulation of the oncogene MYC is associated with tumour pathogenesis. Although in breast cancer MYC-mediated induction of miR-9 has been observed ([@bib32]), our data rather suggest a potential pathological function of MYC in MB involving the repression of *miR-9* expression. This miR-9 repression likely involves epigenetic silencing, thus underlining the distinct, context-dependent regulation of miRNAs networks in different tumour backgrounds. Moreover, this observation emphasises the notion that MYC-mediated repression of tumour-suppressing miRNAs, such as *miR-9*, may be a fundamental component of the MYC tumourigenic programmes in MB, in particular in MB subgroups expressing high levels of MYC. In fact, *miR-9* downregulation was most pronounced in WNT and Group 3 tumours, which highly express the oncogene MYC. Conversely, Group 4 cases rarely express high levels of MYC ([@bib50]) and are characterised by an over-representation of genes involved in neuronal differentiation ([@bib9]; [@bib64]). This is in accordance with our findings correlating high *miR-9* levels with induction of cell differentiation. Interestingly, Group 4 tumours are characterised by high NMYC levels, thus suggesting distinct functional significances of MYC and NMYC for miR-9 expression in MB.

Our experimental evidence shows that *HES1* is a direct target of *miR-9*-mediated translational inhibition in MB cells, corroborating a recent report about miR-9-mediated effects on the homolog of mammalian *HES1* (Hairy1) in low vertebrates ([@bib6]). This is highly significant because HES1, one of the main NOTCH target genes, controls cell fate decisions of the mammalian neural progenitor cells from which MBs arise ([@bib61]; [@bib55]). Moreover, the inverse correlation between *miR-9* and *HES1* expression across distinct independent sets of MB patients\' samples is clinically relevant. A subgroup-specific analysis of *miR-9* and *HES1* expression revealed negative correlation in the non-WNT MBs. On the other hand, WNT-type MBs showed rather an increase of *miR-9* expression. This might indicate that *miR-9* has a subgroup-specific effect on translational inhibition and regulates different targets in WNT MBs, analogous to the distinctive microRNA signatures proposed within the WNT subgroup ([@bib22]). Nevertheless, an analysis of a bigger cohort of WNT tumours is needed to confirm this prediction.

Our investigation showed that restoration of *miR-9* expression led to G1/S cell cycle phase arrest in MB cells and that the tumour-suppressive role of *miR-9* is mediated primarily through HES1 regulation. Thus *miR-9* restoration may reduce MB cell growth by stalling the cells in G1/S phase and preventing cell cycle progression via HES1 inhibition and p21 induction. *miR-9*-mediated inhibition of HES1 also promoted the expression of distinct neuronal differentiation markers, including early neural differentiation marker TUBB3, neural-progenitor marker Nestin, and astrocytic differentiation marker GFAP, which has been associated with less aggressive MBs and higher sensitivity to anticancer drugs ([@bib56]; [@bib62]). Indeed, our results show that *miR-9* is downregulated in poorly differentiated MB cells, whereas it is normally expressed in normal fetal cerebellum from which MB tumours arise. Therefore, *miR-9* restoration may re-establish the neurogenic differentiation programme and reduce MB tumourigenic phenotype through the repression of HES1.

The role of *miR-9* as a prognostic factor has been recently described in different tumours, such as acute lymphocytic leukemia ([@bib1]), acute myeloid leukemia ([@bib45]), and colon cancer ([@bib59]). Based on the analysis of primary tumour data sets, the present study suggests that *miR-9* might also be useful as a predictor of MB patient outcome. Indeed, MB patients with tumours expressing low levels of *miR-9* (and concomitantly high *HES1*) show poorer survival rates. This is in agreement with recently published reports demonstrating that high HES1 expression levels are associated with poor MB prognosis ([@bib23]; [@bib26]). The significant association between high *HES1*/low *miR-9* expressions with established high risk indicators for MB suggests a diagnostic significance of *miR-9* expression in MB histology.

In conclusion, we identified MB-specific CpG island hypermethylation of *miR-9*, a critical regulator of MB cell differentiation and cell cycle progression. Given the dynamic and, importantly, reversible nature of DNA methylation, our results suggest that *miR-9* may serve as an important prognostic molecular marker. Furthermore, restoration of *miR-9* expression may represent a novel therapeutic strategy to contribute to improvements in the treatment of MB patients, and future studies in animal models of MB are required to evaluate miR-9-mediated regulation of MB tumour growth *in vivo*.

We thank the Swiss Pediatric Oncology Group (SPOG) for providing medulloblastoma samples. This project was supported by the Swiss Research Foundation Child and Cancer and by Krebsliga Zürich.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on British Journal of Cancer website (http://www.nature.com/bjc)

This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the license terms will switch to a Creative Commons Attribution-NonCommercial-Share Alike 3.0 Unported License.

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![**Expression of *miR-9* is epigenetically repressed in MB cells.** Relative *miR-9* expression as determined by qRT--PCR (**A**) in 15 fresh, frozen MB primary samples and (**B**) in the indicated MB cell lines. Values represent the fold decrease of *miR-9-2* mRNA expression relative to normal cerebellum. Dotted line indicates cerebellum level at arbitrary value=1. (**A** and **B**, lower panels) Methylation status of the three *miR-9* genes in the correspondent MB samples and cell lines. (**C**) Box plots showing relative expression of *miR-9-2* across MB subgroups compared with fetal cerebellum. Relative expression is a measure of the luminosity of the gene probe signal, corrected for the background luminosity of each array and normalised using control probes across different arrays. (**D**) qRT--PCR analysis of *miR-9* in the indicated human MB cell lines treated with 5-Aza or control (DMSO). (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 according to Student\'s *t*-test.) (**E**) Agarose gel showing MS-PCR products of the three *miR-9* genes\' CpG island regions in 49 FFPE MB primary samples. Lower panel represents methylation status of the three *miR-9* genes in the correspondent MB samples. Abbreviations: M=methylated; NC=negative control; NS=not significant; PC=positive control; U=unmethylated.](bjc2013764f1){#fig1}

![**The oncogene MYC is involved in the regulation of miR-9 expression.** (**A**) Correlation between *miR-9* and *MYC* mRNA expression in 285 MB patients\' samples data sets as determined by microarray-based expression profiles ([@bib51]; *r*=Pearson\'s correlation coefficient). (**B**) Relative mRNA expression of *MYC* (left y axis) and expression of *miR-9* (right y axis) in the indicated cell lines as determined by qRT--PCR. (**C**) Relative mRNA expression of *MYC* (left y axis) and expression of *miR-9* (right y axis) in empty-vector-transfected DAOY cells (low MYC) and in MYC-transfected DAOY cells (high MYC) as determined by qRT--PCR. (**D**) Relative expression of *miR-9* in MYC-transfected DAOY cells upon 24 h of 5-Aza treatment as determined by qRT--PCR. (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 according to Student s t-test.)](bjc2013764f2){#fig2}

![***miR-9* regulates HES1 expression in MB cells.** (**A**) Sequence alignment of predicted *miR-9* binding site in the 3′UTR of *HES1* promoter (seed-complementary region). (**B**--**D**) Correlation study of *miR-9* and *HES1* expression in three independent sets of MB patients\' samples as determined by qRT--PCR and by microarray-based expression profiles. (*r*=Pearson\'s correlation coefficient). (**E**) Correlation study of *HES1* and *miR-9* levels according to MB subgroups (WNT, SHH, Group 3, Group 4) (*n*=88). (**F**) Luciferase reporter activity in 293T cells transfected with pre-*miR-9* or negative control and co-transfected with the pisCheck2 vector containing the 3′UTR of *HES1* gene downstream of the firefly luciferase reporter gene. (**G**) Relative *miR-9* expression as determined by qRT--PCR 48 h following transfection with either pre-*miR-9* or control in the indicated MB cell lines. Values represent fold increase of *miR-9* mRNA relative to control. (\*P \<0.05, \*\*P \<0.01, \*\*\*P \<0.001 according to Student\'s t-test.) (**H**) Pre-*miR-9* mediated downregulation of HES1 protein expression in a representative immunoblotting experiment.](bjc2013764f3){#fig3}

![**Restoration of *miR-9* upregulates HES1 responsive gene P21^Cip1^ and impairs clonal growth of MB cells.** (**A**) Cartoon depicting an overview of cell cycle-related *miR-9* downstream responsive genes and their functions. (**B**, **C**) Flow cytometric analysis of cell cycle distribution for the indicated MB cell lines 72 h after transfection with either pre-*miR-9* or control and with *HES1* siRNA or siRNA scrambled control. (**D**) Pre-miR9 mediated upregulation of p21 mRNA (upper panel) and protein (lower panels) expression in the indicated MB cell lines. (**E**) Colony formation and (**F**) sphere formation analysis of human MB DAOY cells treated with pre-*miR-9* or control for 6 days. Lower panels: representative pictures. (\*P\<0.05, \*\*P\<0.01 according to Student's t-test.)](bjc2013764f4){#fig4}

![***miR-9* restoration mediates increase of the expression of a panel of pro-neural differentiation genes in MB cells.** (**A**) Cartoon depicting an overview of neuronal differentiation-related *miR-9*/HES1 downstream responsive genes. (**B**) Relative mRNA expression of the indicated pro-neural differentiation genes as determined by qRT--PCR 72 h following transfection with either pre-*miR-9* or control. Values represent fold change relative to control (\**P*\<0.1, \*\**P*\<0.01 according to Student\'s *t*-test). (**C**) Morphological changes of MB cells following *miR-9* restoration and immunofluorescence analysis of *β*-tubulin class III (TUBB3) and nestin (NES) 72 h following transfection with either pre-*miR-9* or control. (**D**) Correlation study of expression of *miR-9/HES1* and selected pro-neural differentiation genes in 285 MB patients\' samples as determined by microarray-based expression profiles (*r*=Pearson\'s correlation coefficient).](bjc2013764f5){#fig5}

![**Expression of *miR-9* and *HES1* are associated with clinicopatholigical characteristics of paediatric MB.** Box plots showing (**A**) *miR-9-2* and (**B**) *HES1* expression according to MB histological variants: classic (*n*=200), (desmo) desmoplastic (*n*=21) and (Lca) large cells/anaplastic (*n*=30); centre line=median. (\*P\<0.05, \*\*\*P\<0.001 according to Student\'s t-test.) (**C**) Kaplan--Meier survival curves for *miR-9-2* expression in paediatric MBs. Patients were sub-divided into high (*n*=17) and low (*n*=17) *miR-9* expression groups based on the median expression value in each population. (**D**) Kaplan--Meier survival curves for *HES1* expression in paediatric MBs. Patients were sub-divided into high (*n*=13) and low (*n*=116) *HES1* expression groups based on the median expression value in each population. Optimal cutoff selection was combined with Bonferroni correction because of the low number of *HES1*-expressing tumours.](bjc2013764f6){#fig6}
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